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NATTONATL ADVISCRY COMMITTEE FOR AERONAUTICS

TECHNICAT. NOTE NO. 1595

ANATYSTS OF FLICHT-FPERFORMANCE MEASUREMENTS ON A
TWISTED, PIYWOOD~COVERED HELTCOPTER ROTCR
IN VARTOUS FLIGHT CONDITIONS

By ¥. B. Gustafson and Alfred Gessow
SUMMARY

Flight—performence measurements were made of a conventlional single—
rotor hellicopter equipped with a test rotor having plywood—covered blades
with -8° twist (designated the "slternmate" rotor). Data were obtained
in the hovering, vertlcal autorotative—descent, level-flight, climb, and
autorotative—glide conditions. The results of these tests are presented
together with a comparison of the resulits with theoretical resulits and
with results of measurements masde on the original production rotor.

Both the hovering and the forward—flight performence of the alter—
nete rotor were found to be within a few percent of the values predicted
by theoretlcal treatments elready published by the National Advisory
Comittee for Aeronsutics wlithout any Increase in the profile—drag char—
acteristics originelly assumed in the theory, provided that blade—
section stelling was not present.

The alternaete rotor, as campared with the original rotor, showed
large improvements in performance in all f£flight conditions for which a
comparison was obtalned, thet 1s, hovering, level flight, and autoro—
tatlve glides. These improvements included an increase of more than
300 pounds (or about 15 percent) in hovering thrust at the same power,
a reduction of 20 percent in the minimum velue of robtor—shaft power
required in level Pflight, and a decrease of 15 percent in the minimum
rate of descent of the helicopter in -autorotation. In gemsrsl, about
half of the lmprovemsent was consldered to be due to improved airfoll—
section contour and surface conditions of the altermate rotor blades
and most of the other half was considered to be due to the differences
in twist and solidity.

Because of the lower solldity of the altermate rotor, tip stalling
and the increase in vibration due to tip stalling were actually encountered
at a lower forwerd speed then with the original rotor. On the basis of
tuft observatlons and the pllotts comments on the limiting combinations
of forward speed and rotationsl speed (as set by excessive vibration and
loss of control resulting from blade stalling), however, i1t is concluded
thet, 1f the two rotors had been built with the seme solldity, the
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forward speed for occurrence of blade~tip stalling would have been about
15 miles per hour higher for the alternate rotor than for the original
rotor. The data obtained did not permit & rellable estimate of the
amount of this 15-mile—per-hour galn which should be ascrlbed to dif-—
ferences in blade twist or the amount which should be ebttributed to
differences in airfoll section.

Vertical autorcotation at rates of descent comparable with those
previously obtained with positively twlsted autoglro blades was measured
wilth the negatively twisted test rotor. The measured rate of descent
was approximately 5 percent higher than the value predicted from the
avallable semiemplrical theory.

INTRODUCTION

In references 1, 2, and 3, flight measurements of the performance
of a conventional, single—rotor helicopter equipped with ite production
fabric—covered maln—rotor blades are presented. Analysis of the results
indicated that agreement with theory (to be discussed in the section
entitled "Comparison of Experiment with Theory")could be obtained only
by 1ncreasing the blade—sectlon proflle—drag values used in the theory
by about one—~third. The need for thles Increase in profile-dreg velues
was abtributed to the relatlively rough, deformable surface of the
originael blades, which was expected to result in larger proflile-drag
power losses than those predicted by theory, lnasmuch as the theory wes
developed to represent the profils drag of well-built practical~
construction sections. Unpubllished sectlon data on wind—tunnel test
gpecimens correspondling to the original blades confirmed the need for
& roughness factor of this magnitude. Imiltial flight tests of a plywood—
covered rotor (designsted the altermate rotor) also suggested that, with
blades having smoother and more rigld contour, rotor drag—lift ratlos
that agreed with the theoretical values (with no change in the original
profile—drag assumptions) could be attalned.

It appeared deslrable, therefore, ta extend the tests on the
alternate rotor, inasmuch as the data so obtained would be more suitaeble
for comparlson with theory than the results of the tests on the original
rotor and Inssmuch as the magnitude of improvement indicasted was suffi--
clent to be of notable practical significance. The data were further
expected to provide a good starting polnt for systematic tests. of the
effect of rotor parameters such as blade twist. The results of the
extended tests of the altermate roton which were conducted in consider—
ation of the foregoing factors, are presented herein. The flight con—
ditions Included hovering, vertlcal autorotative descents, level flight,
climb, and ‘autorotative gllides. These results are correlated with
theory, and the performance galns over the originsl rotor are evaluated.
The effects of the bullt—in twlst—and the. lower golldlty of the alter—
nate rotor are estimeted for the comparison of the performance of the
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two rotors in order to indicate the amount of the gains which is due to
improved airfoll charescteristics.

SYMBOIS
W gross welght ‘of hellicopter, pounds
b number of blades per rotor
R blede radlus, feet
r radisl dlstance to blaede element, feet
c blade—section chord at radius r, Teet
ﬁ cr? dr
Ce equivalent blade chord, feet A A
F r2 dr
o}
g rotor solldity (bcg/R)
6m average main rotor-blade pltch at the 3/11- radius,
' uncorrected for play in linkage or for blade twlst
caused by alr loads, degrees
o] negs density of air, slugs per cublc foot
Po mags density of alr at ssa level under standard condi-—
tions, 0.002378 slug per cubic foot
Vo calibrated airspeed (indicated eirspsed corrected for
Instrument installation errors; can be consldered
equal to Vi/p7po herein), miles per hour
v true alrspeed of hellcopter along flight peth, miles per
: hour
Va horizontal component of true ailrspeed of helicopter,
miles per hour
V’v . vertical component of true alrspeed of hellcopter, feet

per mlnute

Q rotor anguler veloclty, radians per second
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vv
angle of climb [tan Ll ——0

h

rotor angle of ettack; angle between proJection in plane
of symmetry qf axls of no feathering asnd line perpen—
dicular to flight path, positive when axis is pointing
rearward, redians (The axle of no feathering is defined
as the axlis ebout which there 1s no first harmonic
feathering or cyclic pitch varietion.)

tip—speed ratio (}Eg_;_m)

correction to fuselage engle of attack to allow for rotor
downwash, degrees (assumed equal to —57.3Cr/4

corrected fuselage angle of attack, degrees

blade—~element angle of attack, measured from line of zero
1ift, radians

blade—element angle of attack at tip of retresting blade
at 270° azimith engle, degrees

gectlion proflile—drag cocefficlent
rotor 1lift, pounds |
rotor drag, pounds

rotor thrust, pounds
rotor—shaft torgque, pound—feet

rotor 1lift coefficient; uncorrected for alr loads on

fus ela,ge (Mil)

%—pv%&@
rotor 11ft cocefficilent L
%pv2ﬁ2

rotor drag coefficlent 1—2——
SPVERR?
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CT rotor thrust coefficlent S
7Rep (AR )2
CQ rotor—shaft torque coefficient S
R2p(OR)2R
CT3/2
M rotor figure of merlt 0.707 ; the factor 0.707 is
included to mske the maximum %id.eal) figure of merit
equal to unity
(%) rotor profile drag-l1ift ratio
(o]
(%) rotor profile drag—llift ratio as calculated from theory
Ot
(% rotor profille drag—iift ratio as calculated from measured
Om quantities
(Q) paraglite—drag contribution of tall rotor divided by main—
L D, rotor 1ift
(%) paraslte drag of fuselage, rotor head. and blede shanks,
P divided by main—rotor 11ft
(%) dreg—11ft ratio representing engle of climb, positive in
c V.
climb (tem= e
< h>
(%) rotor induced drag—lift ratio
i
(%) rotor drag-1lift ratlo; retlo of equivalent drag of rotor o
T

rotor 1ift ((%)o ¥ @>i>
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eheft power parameter, where P 1s equal to rotor—shaft
power divided by veloclity along flight path end is
therefore also equal to drag force that could be over—
come by the shaft power at flight velocity

Rl b

APPARATUS

The twisted, plywood—covered rotor (designeted the "aslternate” rotor
to distinguish it from the original-production rotor) was flown on a
typlcal helicopter, a general view of which is shown in figure 1. ‘'he
dimensions and pertinent characteristics of this hellicopter are shown in
figure 2, and a more detalled description can be found in reference 1.
The pl(a.n) forms of the alternmate and original blades are shown in figures 3(a)
end 3(b).

The alternate rotor bledes had & linear twist of —8° (0.45 deg per f£t;
t1p pltch lower then root pitch) and a relatively low solidity (o = 0.042),
The blades were plywood covered and were designed with a reflexed
NACA 23015 elrfoll section; the actuel profile differed materially from
the true section even after all flats and depressions were Ffalred out with
flller. When the blades were recelved for the tests, they were not aero—
dynemicelly smooth, because pitting, grain, flat spots, and other lack of
fairness were noted at numerous points. Also, between the leading—edge
abrasion strlp and the plywood covering there was & U-shaped furrow
approximately 1/64 to 1/32 inch in both wildth and depth. Prior to the
initial tests, filler was applied only to the most promounced discon—
timuities; the U—shaped furrow wes not completely eliminated although the
surface was, in general, made smooth. Iimited hovering and forwerd—
flight teste were run with the blades in this condition, which i1s herein—
after designated "before refinishing." After these initial tests,
leading—-edge templets for representative stations were used to assist in
further refinishing and Improvement of contour. Although extemsivo
filling and sanding were done in & menner to Iimprove the fit of the
templets end although all flat spots were eliminsted, it was not feasible
to bulld up the forward pert of the rotor blade to a true comtour as
regards shape and meximum thickness. The blades were considered to be
aerodynemicelly smooth, however, and were wiped clean of grease, bug
spatters, and dust before each flight. Some addltional hovering data,
most of the forwerd-flight data, and a&ll of the autorotation data were
taken wlth the blades in this smooth condition.

INSTRUMENTATION AND METHODS

The Instrumentation and methods employed in measuring rotor per—
formance have been adeguately described in references 1 and 3 and need
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not be repeated herein. Some speclal devices which were used to insure
zero horizontal alrspeeds in the hoverlng and vertical-flight conditlons
are, however, worthy of mention.

Both recorded and visual indications of longlitudinal deviatlons
Prom the vertical were cobtalned in the vertical—descent tests by using &
standard NACA yaw—vane Indicator and recorder; the trensmitter was
mounted on & short boom extending from the left landlng wheel axle. (See
fig. 4.) The attitude of the fuselage during the descent was allowed for
in setitlng the gzero position for the NACA yaw vene. ILateral deviations
were recorded by a dlfferentlal-pressure yaw head which was mounted
vertically at the end of the alrspeed boam (fig. 5) and which was con—
nected to an NACA pressure recorder. A wool tuft on the end of the
alrspeed boom provided a visual indicatlion of the lateral flow direction
es did elso the swlvelling alirspeed heads. -

In addition to the equipment employed in vertical descent, forwerd
motion during hovering was avolded wlth the ald of a pith-ball indicator
in the cockplt, which wes connected to a double—end pitot head and which
responded to forward end backward velocities of aspproximastely 2 or 3 miles
per hour. A generel view of the cockplt instrumentation, which includes
the pilth-ball indicator (indiceted by a.na.rrow), 1s shown in figure 6.

REDUCTION OF DATA

The methods of reducling the data obtained in various flight condi—
tions are elther apparent by definition or have been explained in refer—
ences 1 and 3. It 1ls well, however, to review briefly the memmer in
which the coefficlents that are used in presenting the forward—flight
and vertlcel—descent data are calculated.

Rotor drag—-lift ratio (%) was calculated for the forward—flight
r

condition from the general performence equation expressed in coefficient

2-(2)+2) +(2), )

t
For each date point, values of E, 2) 3 D s and E) were
I” \L D, L L/ :

determined from mesasured data. The quantity %, which represents the

total equivalent helicopter drag, was calculated from recorded shaft—
torque values and values of rotor rotational speed,whereas the parasite

drag—1ift ratio of the fuselage (%) was calculated from full-scels
b
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wind—tunnel tests (reference 4) of the fuselage and airspeed booam of the
test hellcopter. The paraslite—drag coefficlents used are glven in
figure 7 of reference 1. The tail-rotor paraslte drag-lift ratlos,
which are qulte smsll, were obtained by use of the known fixed tell-—
rotor shaft engle and the measured tall-~rotor shaft horsepower by the

method of reference 1, Values of (%) s which represent the tengent
c
of the angle of climb, were determined from the alrspeed end the rate of
climb; in glides, the quantlity (i—) is negatlive. The rotor 1ift L
c

was calculated by multlplying the hellcopter gross welight by the cosine
of the climb or glide angle and subtrectling the fuselage 1lift. Rotor
thrust was assumed equel to the rotor 1ift in level flight and equal to
the rotor 1ift dividéd by the cosime of the rotor angle of attack in
climbs and glides, at which the rotor angle of attack becomes relatively
largs.

Lk

The measured rotor profile dreg-lift ratio (P- wea.s obtalned
m -
by subtracting an induced drag—lift ratio (a.ssu:med. equal to %) from (]i-) .
r

The rotor drag coefflclent In verticael autorotative descent was
obtained from the known gross welght of the hellcopter, the measured rate
of descent, and the alr tempereture and pressure by the following formule:

W
° %pve I

Profile—drag assumptions.— Soms studles of the significance of (
blade—surface condition In relation to the performasnce of a rotor are
glven in references 2 and 3. These references slso show that acocurate
"~ sectlon characteristics of practical-construction sections of the rotor
are required for precise comparisons between theoretlcal and measured
rotor performence. The theory described in references 5 and 6, which
1s used for most of the comperisons presented hereln, is based on a
profile—drag polar which 1s representatlve of well-bullt—plywood—covered
blades end which has e minimum profile—drag coefficilent of 0,008k,
Section dete are lacking for the altermate rotor but an experimentel
check of the minimum drag cosfficlent was obtained by running the rotor
at a serles of plich settings near zerc degrees with the helicopter om
the ground. The results ylelded a minimum profile—drag torque coeffi—
clent equal to 0.000038, which was camputed as the difference between -
the measured torque coefflcient end the smell calculated induced value.
The equlvalent minimum profile-—drag coefficient was then calculated
as 0.008. Agreemsnt between the theoretical drag polar (1nvolving -
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three terms) assumed in the forward—flight analysis and the actual drag
polar thus appears to exist in the low-angle—of-atbtack reglon, and it is
reasonable to assume that the egreement will be fair up to the actual
gtalling angle of atteck inasmuch as the theoretical drag polar wes based
on measured characteristice of similar sections. The stalling angle of
attack 1s 1ilkely to be materially less than that shown by wind—tunnel
tests of polished, accurately-built NACA 230-seriles alrfoil test specimens.,

Hovering.— Theoretlcal hovering performance was computed with the
ald of figure 15 of reference T and has already been presented and dis—
cussed 1n referemce 2. This particuler theoretical treatment (given in
reference 7) was selected because of 1ts general avellebllity. Although
soms empiricel adjustment 1s involved, this treatment essentially
represents the commonly used vortex theory with nomuniform inflow and
with a profile-draeg polar, which for the present tests results in an
equivalent drag coefficient of about 0.0l4. The use of the relatively
high profile—drag coefficient of 0.014 may be considered to take the
place of the inclusion of tip losses and rotational losses, which are
not otherwise included. .

Forwerd flight.— Theoretical performance for level—flight, climb,
and gllde conditlons was computed from reference 6 for the test rotor
and included the effect of the —8° twist present but otherwise used the
same assumptlons and methods described in reference 5 for untwisted blade
The charts of reference 5 were used in computing the theoretical per—
formence of the originsl rotor with untwisted blades.

Vertical power—off descent.— The theory used for calculating rates
of descent in the vertical power—off flight conditlon i1s semlempirical s
being based on the theoretical rotor equations of reference 6 (which
utilize the same profile—drag polar on which the Forward-Fflight per—
formance chexrts are based) and the experimsntel curves First presented
in reference 8. The data of reference 8 were applied in the manner
described 1n reference 9. The experimentel curves glve the relation
between the totel flow through the disk of a rotor in vertical descent
and the velocity of descent. In the absence of similar experimentsal
curves for twlsted blades, the theory for straight blades was applied
to the test rotoy the blades of which have —8° twist.

RESULTS AND DISCUSSION
Comparison of Experiment with Theory

Hovering.— Hovering data obtalned at altitude wilth the altermate
rotor are tabulated 1n table I and are compared with.theory and with
dete obtalned before the blades were refinished in figure 7. The data
obtalned before refinishing were first reported in reference 2.
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Flgure 7 shows that the present deta extend the earlier data to
higher thrust coefficlents and that no difference due to refinishing is
discernable. The improvement in contour brought-about by the refinishing
process presumably was not sufficlent to lncrease materlally the extent
of the laminar flow. The flgure also shows that the altermate rotor
produced 83 percent of the thrust that could be obtained with an "ideal"
rotor (that is, a rotor producing uniform inflow and having zero proflle
drag). The agreement of the measured performasnce with calculated per—
formence 18 indicated to be wlthin a few percent.

Level flight.— Testdata for level—flight, climb, and autorotative—
glide condltions are presented in teble II, and values of msin-rotor
drag-1ift retios and other parameters derived from these data are glven
In table ITT. The results of the level-flight performance of the
elternate rotor aere sumarized in figure 8, which shows the main—rotor
drag—-11ft ratlos both before end after refinishing plotted agalnst the
tlp—gpeed ratio p. The measured data are grouped according to thrust -
coefficlents, and because losses due to stalling were anticipated, all
pointes having a calculated angle of attack at the tip of the retreating
blade greater than 12° are indicated by flagged polnts. Although no
blade—section stall-engle date were avallable for the test rotor, tuft
observations on the rotor and alsc an analysis of rotor profile—drag—
loss data as a function of tip angle (reference 10) resulted in the
cholce of 12° as the stalling angle. The measured rotor performence is
compared in figure 8 with a single theoretical curve representative of
the average thrust coefficient at which the data were teken. The figure
shows egreement withlin a few percent between the theory and the
unstalled polnts. The discrepancy between the theory, which intentionally
omits any allowance for stalling, and the datae for the stalled conditions
becomes greater as the stalling increases at the higher tip—speed ratios
and thrust coefficlents.

As was true for the hovering mseasuremsnts, no difference 1sg
discernable (within the scatter shown) between the comparison wlith theory
obtained before refinishing and that obtained after refinishing. (See
figs. 8(a) and 8(b).) The data obtained after refinishing are more
extensive and show less scatter in the unstalled conditions. From con—
slderations of the improved technigue used in obtalning these data
they are further considered to be more relisble, particulerly as regards
the magnitude of the losses due to stalling. For these reasons, the
data obtalned before refinishing are omitted in the more exacting
analysis that follows.

The data obtailned after refinlshing have previously been enalyzed
in reference 10 by plotting the ratio of measured values of drag—lift

ratios (%) to theoreticel values (%) agalnst calculated tip angle,
o o}

m _
in order to separate more clearly the effects of stalling from the effects
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of thrust coefficient and tlp—speed ratio anticipated without stelling.
This plot is reproduced in flgure 9 and indicetes excellent agreement
with theory below the stalling angle. The alrfoil poler assumed in the
performance cherts appears to predlct correctly the proflile drag
characteristics of the actual airfoll up Yo the stall under the dynamic
conditions encountered 1n rotor operstion.

Figure 9 also indlcates that the theory (with no allowance for
stalling) underestimstes the rotor profile—drag losses for conditions
resulting in calculeted tlp engles of attack above the stall, the
discrepancy increasing in epproximastely a linear mammer with the tip
angle. A value of 2 1s ghown for the ratlo of measured to theoretical
proflle drsg-lift ratlio when the tip angle is approximately 4° ebove the
tip—section stalling value. The resultes for a celculated tip angls 3°
above the angle at which stalling flrst occurred ere significant in that
this angle corresponds to the polnt at which, in the opinion of the pilot,
excesslve vibratlon and control difficulties constitute e 1limit of
operation.

Climbg.~ The measured climb data and derlved parameters are
presented in tsbles II and IIT. Because of the limited amount of data
obtained 1In this condltion and the dlfferent thrust coefficients at
which they were acqulred, 1t was not feaslble to present the results in
the form of a rate of climb ggainst S oclty plot or its equivalent.
Instead, the ratlo of experimental ( J) to thet celculeted from theory

was ccmputed and values of the ratio giv_en in figure 9, in which the
agreement between theory and experiment as a function of calculated tip

angle of attack is shown.

Flgure 9 indicates that, within the experimental scatter, the
concluslons to be drawn from the climb dats are the same as those for
the level=fllight runs. TFalr sgreement l1s shown between theory and the
data teken in the unstalled condition; the theory (wlth no allowance for
stalling) increasingly underesiimates the power expended in profile drag
asg the tlp angle exceeds the blade—section stallling angle.

Autorotative glides.— The measured and celculated performances of
the altermate rotor in the autorotative—glide condition, in addition to
being listed in tables IT and IIT, are shown in figure 10 in terms of
the rotor drag—lift ratlo and the tip—speed retio. The data are
groupsd according to thrust coefficients, and again a single theoretical
curve ls drawn representlng the average thrust coefficient at which the
date were teken (0.0049). It can be seen that the theory correctly
predicts the performence of the twlsted helilcopter rotor in autorotation,
because the calculated performance serves as a good falring for the
measured data.

Rotor drag coefficlents obtained in vertical autorotative descent
are compared in figure 11 with the semiemplrical theory representing
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blades having solidites of 0.10 and 0.04. The vertlcal scale represents
the rotor drag coefficient, which 1s a measure of the efficlency of the
rotor 1n vertical descent; in that higher values of the coefficients
correspond to lower rates of descent. Blade pltch angles are plotted.
horizontally. The measured coefficlents obtalned with the alternate rotar
show an average deviation from the predlcted values of approximately

10 percent or 5 percent in the rate of descent. The vertical scatter
shown by the test points does not allow any conclusions to be drawn
about the rate of change of Cp with 6,. Although the grose agreement
1s falr, a greater amount of experimental datae is desirable before more
precise conclusions can be drawn as to the accuracy of the predicted
performance in this condition.

From the data given In flgure 11, a vertical rate of descent of
about 2400 feet per minute at sea level was calculated for the test
hslicopter equipped with the altermate rotor at a gross welght of
2650 pounds. Figure 1l also includes for comparison & value repre—
genting vertical—descent deta obtalned on the Pltcairn PCA-2 esutogiro
and flrst reported in reference 11. The flgure shows that the measured
coefficients for the helicopter equipped with the alternate rotor and
for the PCA-2 autogiro differ by less than the experimental error. The
agreement is significant in that-1t indicates thet vertlical autorotation
at rates of descent compareble with those obtained with positlvely
twisted autogiro blades is possible with negatlively btwisted blades.

Comparison of Original— and Alternate—Rotor Performance

Hovering.— A comparison of the hovering performance of the original
rotor, obtained from reference 2, wlth that of the alternate rotor 1s
presented in figure 12(a). The comparison afforded by the figure, when
interpreted in terms of 1lifting ability, Indicatgs that at normal take—
off rotor speed and full throttle (2250 rpm, Cy2/3 = 0.0043) the alternate

rotor could produce about 330 pounds more thrust—than the original rotor.
A detalled discussion of the source of thile difference is contalned in
reference 2, which attributes almost one-half of the difference to the
lower drag of-the smoother and more rigld surfaces of the alternate
rotor. Most of the other half of the difference was ascribed to the
higher blade loadings obtalned with the lower solldlty of the alternate
rotor.

Figure 12(b) shows the seme results plotted as rotor figure of merit
against CT/c. The maximum figure of merit reached 1n the tests is ssen

%o be 0.66 for the original rotor and 0.76 for the alternate rotor.
Although plotting againat C /a provides a comparison at squal mean 1lift
coefficients, it does not altogether eliminate the primary and readily
predictable effecta of solidity. The reason for this conclusion 1s that-
the lower-eolidity rotor must operate at a higher tip epesd to provide
the sams thrust at the -same value of CT/G. This increased tip spesd acts
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to increese the profile—drag power losses. By use of the treatment of
reference 7, the value of figure of merilt of 0.76 obtained for the
alternate rotor would appear to be increased to sbout 0.79 1f its
solidity were increased to that of the original rotor.

Ievel flight.— A comparison of the performance of the origlinal and
alternate rotors in the level—flight condition 1s presented in non—
dimensionel form in figure 13(a). The performance of each of the rotors
1s shown at an average OCp = 0.0046 eand was obtalned by falring the
measured dete having approximately the same Cp. The measured data for
the original rotor were teken from reference 1. Conditions involving
stelling on the outer part of the retreating blsdes are 1ndlicated by
dashed lines in the figure. The performance of both rotors is shown in
the familier form of shaft power plotted ageinst speed in flgure 13(b).
The curves were obtained from faired curves of P plotted against

L and represent sea—level performance at an average gross -welght of
2565 pounds.

Figure 13(b) shows that the altermate rotor regulred 80 horsepower
at a speed of 4O miles per hour, which is the speed for minimum power.
This power value represents e 20-horsepower (or 20-percent) saving from
the power required by the original rotor at the same speed. Theoretlcal
consideratlions indicate thaet a saving of approximetely 5 to 10 horsepower
may be attributed to the blade twist and the lower solidity of the
slternate rotor, whereas its smoother and more rlgid surface 1s con—
gidered to asccount for most of the remaining 15 to 10 horsepower. In
the high-—speed condltion, the difference 1in power required by the two
rotors is reduced to approximately 10 horsepower. The smaller power
difference at high speed is attributed to earlier blade stelling on the
alternate rotor, as indiceted by the dashed lines.

Tevel—flight stalling limlitations.— The earller blede stalling
Just mentlionsed may seem paradoxical at filrst glance since the difference
in both twist and ailrfoll section would be expected to delay the stalling
for the altermate rotor. The lower solidity, however, by increasing the
mean blade—section angle of ettack, tends to produce earlier stalling.
In order to separate these effects as far as possible and to give the
results greater generality, the comparison was studied by use of the
calculated angle of attack of the retreating tip as a stelling criterion.
The tip—engle—of—attack computatlions of reference 5 for untwlsted blades
together with corresponding computations (based on reference 6) for
twlsted blades were used for this purpose. Both tuft observations (refer—
ence 10) and the pilot's comments on limiting conditions of operation
(as set by excessive vibration and loss of control) showed that the
game tip—engle—of-attack criterions wers appliceble for the alternate
rotor as were reported for the original rotor in reference 12, that 1s,
12° for initlal stalling end 16° for the limiting conditions.

Tnasmich as the theory used credits the -8° twilst with reducing the
tip angle of attack at any glven combination of p and CT/G by about



14 . : - S NACA TN No. 1595

o
2%-, more extreme combinations of o and CT/G are actually possible

without stall for the twlsted rotor 1f the seme tip—engle—of-ettack
criterion is found to apply to both the twisted and untwisted rotors.

If the solidity of the alternate (twilsted) rotor is assumed to be raised
to equal that of the original rotor (o = 0.06), then, in order to get
the same celculated tip angle of attack at the sams CT/U, g must be
increased by about 0.05. This increase in 1 corresponds to an increase
In speed of about-15 miles per hour.

Exemination of the problem thus indicates that if the two rotors
had been bullt with the same solidity the effects of stalling would
heve occurred at a speed about 15 miles per hour higher for the altermate
rotor than for the original rotor instead of occurring earlier as was
actually the case. T )

The theory used assumes the inflow veloccity to be uniform over the
rotor disk both with and without twist, and hence the velocity is unchanged
by twist; whereas some appreciable readjustment must—be expected to take
place at the relatively low speeds covered in the present tests. Further, .
the use of the tlp angle as an index does not allow for the difference in
shape of the stalled regions, which might become a significant factor by
the time the operating limitaetion is reached. A part of the 15-mile—per— -
hour gain Just discussed, therefore, may quite possibly have been due to
a higher section stelling angle in spite of the identical values of
calculated tip angle. The data obtalned are not adequate for analysis
of this point. )

Autorotative glides.— Because of the limited amount of sutorotation
date obtalned with each rotor, 1t was not feasible to compare the
pefformance of each by fairing the measured data. It has been shown in
refersnce 3 for the original rotor and herein Ffor the alternate rotor
that theory asdequately predicts the behavior of each rotor in auto—
rotative glides. The theoretical performancesof the original and alter—
nate rotors are therefore compared in figure 14 at an average value of
Cp = 0.0049, The performance of the original rotor was computed (refer—
ence 3) with a 28-percent incrsase in the sectlon~profile drag—1lift
ratlios to allow for the poor surface condition of the original rotor.

At the tip-epeed ratio for the minimum rate of descent figure 14
shows a difference equal to 0.045 in drag—lift ratio between the two
rotors. This difference corresponds to 160 feet per minute or approxi—
mately a 15~percent decrease from the 1080 feet per minute measured with
the original rotor, when the hellcopter was gliding at approximately
40 miles per hour at stendard sea—level conditlons and at a gross welght
of 2565 pounds. Theory (references 5 and 6) indicates that approximately -
one—half the decrease in rate of-degcent is due to the bemeficilal effects
of the twlst and solidity of the alternate rotor (the lower solidity
results in lmproved efficiency in this case when operating at fixed rotor
<ip spsed) and that most of the remaining galns are due to improved
Jurface condition. : :
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CONCLUSIONS

Flight—performance measurements were msde with the test helicopter
equlpped with a twlsted, plywood—covered rotor (designated the "altermate"
rotor). A comparison of the results of these tests with theoretical
results already published by the National Advisory Committee for Aero—
nautics and with results of measurements made with an untwisted Pabric—
covered rotor (designasted the "original" rotor) indicates the following
conclusions: . .

1. Both the hovering and the forward—flight performsnces of the
alternate rotor were wilthin a Ffew percent of the values predicted by
exlsting theory without any increase in the profile—drag characteristics
originally assumed in the theory, provided that blade—section stalling -
was not present.

2. Thé alternate rotor, as compared with the original rotor, showed
large improvements in performance in all flight conditions for which a
comparison was obtalned, that is, hovering, level flight, and autorotative
glides. These improvements included an increase of more than 300 pounds
(or about 15 percent) in hovering thrust at the same power, a reduction
of 20 percent 1n the minimum value of rotor—shaft power required in
level flight, end a decrease of 15 percent in the minimm rate of descent
of the helicopter in autorotation. In general, about half of the
improvement was considered to be due to improved sirfoil—section con—
tour and surface condition of the alternmate rotor blades and most of
the other half was considered to be due to the differences in twist and
solidity.

3. Because of the lower solidlity of the alternate rotor, tip stalling
end the increase in vibration due to tip stalling were actually encountered
at a lower forward speed than with the originsl rotor. On the basis of
tuft observations and the pilot's comments on the 1imiting combinations
of forwerd speed and rotationsl speed (as set by excessive vibration and
loss of control resulting from blade stalling), however,\it is concluded
that 1f the two rotors had been dbuilt with the same solidity the forward
speed for occurrence of blade—tip stalling would have been about 15 miles
per hour higher for the alternate rotor than for the origlnal rotor.

The data obtained did not permit a reliable estimate as to the asmount of
this 15-mile—per—hour gain which should be ascribed to differences in
blade twist or the amount which should be attributed to differences in
alrfoll section.

Lk, Vertical autorotation at rates of descent compareble wlth those
previously obtalned with positively twilsted autoglro blades was measured
with negatively twisted blades. The measured rate of descent obtained,
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wlth the negatively twisted test rotor was spproximately 5 percent hilgher
than the wvalue predicted from the available semlempirical theory.

Langley Memorial Aeronautical Leboratory
Natlonal Advisory Commlttee for Aeronsutlcs
Lengley Fleld, Va. December 19, 1947
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Figure 1.-

General view of test helicopter equipped with the

original-production rotor.
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Figure 2.- Dimensions and characteristics of test helicopter. (All dimensions are

in inches.)
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(b) Dimensional views, (All dimensions are in inches.)

Figure 3.~ Concluded.
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Yaw vane and transmitter used to indicate and record deviations from zero
longitudinal airspeed in vertical descent.

G6GT "ON KL VOVH







TON ML WOVN

 cect

Figure 5.~ Detail of ajrspeed head, showing vertical yaw fork used to record deviation
from zero lateral airspeed in vertical descent,






Figure 6.- General view of cockpit indicating instruments. (Arrow shows pith-ball indicator.)
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Figure 7,- Comparison of experimental hovering performance of alternate rotor with theory.,
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Figure 8.- Comparison of level-flight performance of aiternate rotor with theory. (Flagged
points represent conditions for which the calculated tip angle of attack of the retreating
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Figure 9.~ . Effect of blade stalling on the comj)arison between measured and calculated
performance in level flight and in clinab for the alternate rotor.
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with theory.
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Figure 13.- Comparison of level-flight performance of test helicopter with the original—
production rotor and with the alternate rotor. Average Co = 0.0046,
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